In this work, we utilise a combination of theory, computation and experiments to understand the early events related to the nucleation of Ag filaments on a-Ag 2 WO 4 crystals, which is driven by an accelerated electron beam from an electron microscope under high vacuum. The growth process and the chemical composition and elemental distribution in these filaments were analysed in depth at the nanoscale level using TEM, HAADF, EDS and XPS; the structural and electronic aspects were systematically studied in using first-principles electronic structure theory within QTAIM framework. The Ag nucleation and formation on a-Ag 2 WO 4 is a result of the order/disorder effects generated in the crystal by the electron-beam irradiation. Both experimental and theoretical results show that this behavior is associated with structural and electronic changes of the [AgO 2 ] and [AgO 4 ] clusters and, to a minor extent, to the [WO 6 ] cluster; these clusters collectively represent the constituent building blocks of a-Ag 2 WO 4 .
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T ungstates of transition metals are ternary oxide semiconductors that contain a combination of covalent, ionic and metallic bonding. They have attracted considerable attention due to their unique symmetrydependent and spontaneous polarization properties, which are technologically important in numerous applications, such as ferroelasticity, ionic conductivity and photoluminescence [1] [2] [3] [4] . They show, in the range of a few nanometers, a surprising tendency to evolve into ordered structures of highly sophisticated architectures. Understanding the structural and electronic properties of the materials in these systems is critical to determining their physical/chemical properties and performance.
Ag 2 WO 4 is a member of the tungstate family that crystallizes in an orthorhombic structure (a-Ag 2 WO 4 ) with a space group of Pn2n. a-Ag 2 WO 4 has been the focus of investigations by our group; we have synthesised this material using different methods (coprecipitation, sonochemistry and hydrothermal synthesis) and have studied its photoluminescence (PL) properties 5 . More recently, the formation of Ag filaments on a-Ag 2 WO 4 crystal, via irradiation of electrons by an accelerated electron beam from an electron microscope under high vacuum, was reported 6 , and the corresponding potential applications 7 were investigated. Our current investigation is motivated by our incomplete understanding of the underlying fundamental phenomena and mechanisms driving the nucleation and growth of Ag filaments.
While the concept of a crystalline solid as a perfect, periodic structure is at the core of our understanding of a wide range of material properties, in reality, disorder is ubiquitous and is capable of drastically influencing various properties 8 . a-Ag 2 WO 4 is expected to exhibit interesting forms of structural and electronic disorder that play a central role in driving function. a-Ag 2 WO 4 represents a class of inorganic compounds that exhibit unmatched structural versatility and unique intrinsic properties due to the fundamental characteristics of the interactions between its octahedral WO 6 and [AgO x ] (x 5 2, 4, 6, and 7) clusters, which are its basic building blocks. These clusters are excellent candidates to study to explore the nature of the chemical bond and the influence of the so-called finite-size effects on the physical and electronic structures of such compounds. Our emphasis is on highlighting how the structural and electronic disorder lead to interesting and unusual physical/chemical properties in this long-established class of materials. First, because this structure exhibits different types of coordination [AgO x ] and because its synergistic coordination mode facilitates the formation of several types of clusters with low and high coordination numbers, the nature of the [WO 6 ] and [AgO x ] clusters and the interactions between them are inherently predisposed to the formation of flexible materials with open structures. Second, the O-Ag-O and O-W-O bonds in the clusters, which have a weak interaction between the basic units, may also be chemically modified using electron irradiation, as will be shown. Consequently, the stability of the lattice is dependent on the local bonding, and the enthalpic difference between the crystalline and amorphous forms may be very small because the local bonding arrangements are similar in both. This behavior is well established in the study of conventional glass-forming materials, and the network topology and connectivity play a critical role in stabilizing disordered states 5 . Thus, not only might these systems be somewhat predisposed to disorder, but this disorder might readily be tuned by exploiting the versatile structural chemistry of this broad family.
The goal of this work is to understand the basis of the early-nucleation and -growth of Ag filaments after the irradiation process. To investigate the in situ growth of Ag filaments in the a-AgWO 4 crystal, information on the structural and electronic evolution, as defined by the changes in the electron density, was obtained by density functional theory (DFT) calculations using the quantum theory of atoms in molecules (QTAIM). Experimental techniques such as transmission electron microscopy (TEM) with a high-angle annular dark field (HAADF), energy-dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS) were also employed. The results provide a valuable probe into the relationship between atomic-scale structural and electronic perturbations and their macroscopic consequences.
We focus primarily on the structural and electronic properties to answer three central questions: (i) What happens with the excess electron density, simulating the electron beam of TEM, as it approaches the surface and bulk of a-Ag 2 WO 4 ? (ii) How are the electrons distributed in this material, and how does this distribution relate to the structural and electronic evolution? (iii) Can QTAIM properties provide insight into the strength of the bonds after electron irradiation of a-Ag 2 WO 4 ? We studied the geometric and electronic structure of a-Ag 2 WO 4 and derived a mechanism for the early events in the formation and growth of Ag filaments in the scenario of electron irradiation of [AgO x ] (x 5 2, 4, 6, and 7) and [WO 6 ] clusters, which are the constituent polyhedra of a-Ag 2 WO 4 . We shall discuss how the analysis, provided by both the experimental and theoretical results, of the physical and electronic structure of a-Ag 2 WO 4 allows us to explain the Ag-nucleation process. The discussion will address the details of image acquisition and analysis and will provide a guide to interpret the experimental results. All technical details are provided in the Supplementary Information (SI).
Results
A graphical representation of a-Ag 2 WO 4 using polyhedra is presented in Fig. S1 (SI) to show [WO 6 ] and [AgO x ] (x 5 2, 4, 6 and 7) as the building blocks of this material. The crystallographic structural characteristics of the as-prepared products investigated by XRD analysis are also presented in the Supplementary Information (Fig.  S2) . All of the diffraction peaks of the samples reflect an orthorhombic structure without any deleterious phases and with a space group of Pn2n and a point-group symmetry of C 2v 9, 10 ; these results are in agreement with the standard values listed in the Inorganic Crystal Structure Database (ICSD) no. 4165 10 and with those reported in the literature 5, 11 . Optimised lattice parameters and atomic positions are listed in Table S1 (SI).
The first step is the growth of metallic Ag on the a-Ag 2 WO 4 crystal; this part of the process is accompanied by in situ TEM. A detailed characterisation of the chemical reactions and physical interactions involving nanomaterials requires simultaneous measurement of atomic structure and chemical composition at the nanoscale level. However, the ability to observe the formation and growth of a crystal in real time is reshaping our understanding of these molecular processes, revealing subtleties previously hidden in ensemble averages. In situ TEM is an elegant method for uncovering the dynamic processes in the growth of nanocrystals 12 . These recent technological advancements in conjunction with high-resolution imaging provide a new opportunity to view nanoscale processes and nanocrystal growth by aggregation and coalescence has been directly observed in real time by in situ TEM studies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The injection of electrons can also be used to modify the properties of different materials 16, [22] [23] [24] [25] ; for example, the localised electron probes used in TEM can be used to foster electron-induced processes on a nanometre or subnanometre scale [26] [27] [28] [29] [30] [31] [32] . TEM provides a foundation for such atomic resolution studies and is an appropriate tool for monitoring nanoparticle growth in real time 12, 18, [33] [34] [35] [36] . This in situ imaging allows the study of materials processes and biological, multistage reactions 12, 14, [37] [38] [39] [40] . However, the studies to date have typically been performed on samples in solution, and the environment around nanoparticles is known to change their physical and chemical properties. The formation and growth conditions of nanoparticles in solution differ markedly from those of nanoparticles in a high-vacuum environment because the surface of nanoparticles adapts to its environment. This difference has been demonstrated using in situ spectroscopy and microscopy techniques 12, 39, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . In a recent study 6 , we observed the growth of Ag on the a-Ag 2 WO 4 structure. In the early steps of the process, the structure of a-Ag 2 WO 4 was clean and smooth (Fig. 1a) ; a broader view of the same sample is shown in Fig. 1b . With a longer exposure (on the order of a fraction of a second) of electron irradiation, the nucleation process of several Ag nanoparticles occurred throughout the bulk structure (Fig. 1c) . A greater density of Ag was observed at the end of the matrix structure, which resulted in the nucleation and growth of a thicker filament (Fig. 1d ) that grew further, as shown in Figs. 1e and 1f .
A detailed EDS analysis was performed to elucidate the composition of the nanostructures. Fig. 2a presents a HAADF image of a single nanostructure on which elemental EDS analysis was performed. This structure contains nanofilaments whose growth was stimulated by the electron-beam irradiation on the a-Ag 2 WO 4 surface 6 . The EDS analyses performed on regions 1 to 4 confirmed that the filaments were mainly composed of Ag (Fig. 2b) . However, in the nanostructure, mainly Ag, W, and O and mainly W and O were clearly identified in regions 3 and 4, respectively. A small amount of Cu atoms was also observed, which is related to the grid.
XPS measurements were performed on the irradiated and nonirradiated a-Ag 2 WO 4 materials to compare the purity of the surface and the degree of oxidation, to gain insight into the shape evolution, and to unravel the formation mechanism of the samples. The widerange spectrum is shown in Fig. 3 . The results show the presence of a large amount of carbon, and the peaks of Ag, W, and O are clearly visible, indicating that the samples were highly pure. The core-level binding energies (BEs) of O 1 s, Ag 3 d, and W 4f, which have been corrected for the surface charging effect, were determined from the respective XPS spectra and are presented in Table S2 (SI). These results are consistent with the BE values reported in the literature 54, 55 . XPS results shows a strong effect on both the Ag and W atoms. The irradiated sample has a larger amount of W (V) , which indicates greater disorder of the structure, in accordance with previous HRTEM results. The Ag 3d 5/2 peak is identified at 368.10 and 367.80 eV in the spectra of the as-synthesised and irradiated samples, respectively, which suggests the presence of metallic Ag 56, 57 . To confirm the presence of metallic Ag from the XPS data, the asymmetric peaks observed in the Ag 3d 5/2 core-level region and the Auger M 4 N 45 N 45 peaks of a-Ag 2 WO 4 and of irradiated a-Ag 2 WO 4 were analysed (see Fig. S4 (SI) ).
Our findings confirm the presence of metallic Ag, and the corresponding results agree with the results reported in the Handbook of Monochromatic XPS Spectra Because the formation of metallic Ag after the electron irradiation of a-Ag 2 WO 4 is a quantum phenomenon, we performed quantum mechanical calculations to understand the structural and electronic modifications of a-Ag 2 WO 4 that were observed experimentally. In the calculations, electrons were introduced one by one up to ten in the orthorhombic unit cell of a-Ag 2 WO 4 , and a redistribution of these extra electrons takes place by means of a simultaneously constants (a, b, and c) as a function of the number of added electrons are presented in Fig. S5 (SI) . In Fig. 4a Fig. 4b . In the two types of [WO 6 ] clusters, we find that the W-O distances corresponding to the W2 and W3 atoms remain almost unaltered, whereas the distance of the W-O bond corresponding to W1 decreases smoothly with the addition of electrons. These results show that during electron irradiation, electronic and structural disorder was introduced into the materiaļ thus illustrating the fundamental role of cluster concepts in the formation and growth of Ag filaments.
QTAIM, which was developed by Bader and collaborators [59] [60] [61] , allows the analysis of the experimental and theoretical electron density distributions, r(r), in a molecule or solid as well as the study of the properties of r(r); these analyses reveal the bonding interactions in a molecular or crystal system and the nature of these interactions. The electronic charge of each atom is evaluated using Bader charge analysis within the QTAIM framework, which is a way of dividing molecules or solids into atoms on the basis of electronic charge density. Finding zero flux surfaces between two atoms allows the charge of each atom to be calculated. In Fig. 5 6 ] clusters is depicted as a function of the number of electrons added. Atomic charges were calculated using integrations of the charge density within the atomic basins, V, and subtracting the nuclear charge, Z, of the corresponding atom.
The average bond distances of Ag-Ag as a function of the number of electrons added are presented in Fig. 5a , and electron density contours on the (100) plane for the neutral (N 5 0) structure and charged (N 5 10) structures are depicted in Fig. 5b . Isodensity lines less than 0.02 a.u. are coloured white to highlight the differences between them. An analysis of the results presented in Fig. 5b reveals that the electron density distribution is enhanced between Ag4 and Ag5 at the same time that the Ag4-Ag5 contact distance is shortened when the number of added electrons is increased from N 5 0 to N 5 10. In addition, there is an electronic charge density enlargement in the vicinity of Ag6 atoms on going from N 5 0 to N 5 10. An analysis of the results presented in Fig. 5c reveals that the Ag6 atoms of the [AgO 2 ] clusters are the atoms most prone to reduction. At N 5 7, the Ag6 atoms are practically reduced, whereas the Ag4/ Ag5 centres require at least 10 electrons to reach the same state. This behaviour implies the existence of two different paths to obtaining metallic Ag, which are associated with the [AgO 2 ] and [AgO 4 ] clusters. In the case of W atoms that form [WO 6 ] clusters, W1 atoms behave differently than W2 and W3 atoms, and a minor decrease in electron density relative to that of Ag centres is observed (a decrease of 0.2 units at N 5 10). Therefore, the extra electron density added to the material is transferred from one cluster to another through the lattice network, and the Ag-formation process involves both adjacent Finally, we have calculated the total and projected density of states (DOS) on atoms and orbitals in order to complement the Bader charge analysis. For neutral Ag 2 WO 4 (N 5 0), there is essentially no visible difference in orbital character between PBE and PBE 1 U, however up to U 5 6, the band gap values are maintained nearly constant to 2.0 eV which conveys the most satisfactory picture for both the occupied and unoccupied states. The DOS plots depicted in predicted by XPS analysis. Consequently, a structural rearrangement is caused related to the shortening of the distance Ag4-Ag5 and the Ag-Ag metallic bond formation when the number of added electrons is increased in accordance with the dynamics results measured in situ using TEM.
Discussion
Understanding the in situ atomic-scale nucleation induced by the electron irradiation of Ag filaments on a-Ag 2 WO 4 can be achieved through a combination of experimental and theoretical analyses. We used experimental techniques (TEM, EDS, and XPS) and first-principle calculations based on the QTAIM framework to study the geometric and electronic structure of a-Ag 2 WO 4 . We then derived a mechanism on the basis of the electron irradiation of [AgO x ] (x 5 2, 4, 6, and 7) and [WO 6 ] clusters, which are the constituent polyhedra of a-Ag 2 WO 4 . The mechanism is relevant to the nucleation and growth of Ag filaments that occurs when a-Ag 2 WO 4 is irradiated using an accelerated electron beam from an electron microscope under high vacuum. Our model allows us to better understand the atomic events in this process, and we are currently pursuing this relevant area of investigation. The results of the present work provide an atomic-scale picture of the formation of metallic Ag as well as an initial glimpse into how [WO 6 ] and [AgO x ] clusters behave in this material when it is irradiated with electrons from an external source. The strategy reported here for retrospective mapping of the growth of metallic Ag has the potential to yield valuable insights into the mechanistic aspects of the clusters, particularly when the experimental results are considered in conjunction with first-principles calculations.
Our main conclusions are as follows: During the electron irradiation process, electronic and structural disorder is introduced into the materiaļ showing the fundamental role of clusters in the nucleation and growth of Ag filaments. Extra electrons added to the material are transferred from one cluster to another through the lattice network, and Ag formation occurs via the reduction of both [AgO 2 ] and [ AgO 4 ] clusters that are adjacent and, to a lesser extent, through the reduction of the [WO 6 ] cluster. These findings provide a valuable probe into the relationship between atomic-scale structural and electronic perturbations and their macroscopic consequences. The broader significance of this work lies in the direct and visually impressive demonstration of the conversion of electron irradiation into structural and electronic order/disorder effects to cause the formation of Ag on a-Ag 2 WO 4 . Therefore, the Ag nucleation mechanisms observed here can provide deep insight into the physical and electronic structure of other silver-metal-oxide-based materials under electron irradiation conditions. The present work leads to a unified understanding of the complex behaviour of these materials and opens a new direction for the rational design of materials with exciting properties.
Methods
Experimental details. The a-Ag 2 WO 4 samples were synthesised at 90uC in 1 min by the injection of precursor ions into hot aqueous solutions according to the method reported in our previous work 6 . TEM analysis was performed on a CM200-Philips and JEOL JEM 2100F TEM/STEM microscope operated at 200 kV. Specimens for TEM images were obtained by drying droplets of as-prepared samples from an acetone dispersion that had been sonicated for 10 min and deposited on 300-mesh Cu grids. The chemical analyses of the samples were performed by EDS using a ThermoNoran EDS attached to the JEM 2100F and equipped with a Si detector.
XPS spectra were collected using a commercial spectrometer (UNI-SPECS-UHV). To analyse the near-surface composition and the chemical environment in the aAg 2 WO 4 nanocrystals, the measurements were performed in a small area of each sample using the Mg Ka line (hn 5 1253.6 eV); the analyser pass energy was set to 10 eV. In particular, the inelastic background of the C 1 s, O 1 s, W 4f, and Ag 3 d electron core-level spectra and the Auger Ag MNN peak were subtracted using Shirley's method 62 ; the BEs were corrected using the hydrocarbon component of adventitious carbon fixed at 285.0 eV.
The X-ray diffraction measurements were performed on a D/Max-2500PC diffractometer (Rigaku, Japan) using Cu Ka radiation (l 5 1.5406 Å ) in the 2h range from 10u to 70u in the normal routine with a scanning velocity of 2u/min and a step of 0.02u.
Calculation details. First-principles total-energy calculations were performed within the periodic DFT framework using the VASP program 63, 64 . The Kohn-Sham equations were solved by means of the Perdew, Burke, and Ernzerhof exchangecorrelation functional 64 , and the electron-ion interaction was described by the projector-augmented-wave pseudopotentials 65, 66 . Because of the well-known limitations of standard DFT in describing the electronic structure of ''stronglycorrelated'' compounds, a correction to the PBE wavefunctions was made (PBE 1 U) by including a repulsive on-site Coulomb interaction, U, according to the formula of Dudarev et al 67 . PBE 1 U scheme contains the same PBE approximate correlation, but takes into account orbital dependence (applied to the d states of silver) of the Coulomb and exchange interactions. The value of the Hubbard parameter was tested, and a value of U 5 6 eV for the Ag element was used. The plane-wave expansion was truncated at a cut-off energy of 400 eV, and the Brillouin zones were sampled through Monkhorst-Pack special k-points grids (6 3 6 3 6) that ensure geometrical and energetic convergence for the Ag 2 WO 4 structures considered in this work. The keyword NELECT was used to increase the number of electrons in the bulk structure, and all the crystal structures were optimised simultaneously on both the volume of the unit-cell and the atomic positions. Further information, as well as details of the ab initio quantum chemical calculations, is given in the Supplementary Information.
